Abstract Photostimulated luminescence (PSL) or thermo-luminescence (TL) analysis and electron spin resonance (ESR) spectroscopy were performed to detect radiation-induced markers in various trading fruits, such as oranges, grapefruits, mandarins, lemons, limes, bananas, and pineapples. All the unknown samples were identified as non-irradiated fruits, and gamma irradiation at 1 kGy permitted dose by Codex and US FDA was applied to investigate radiation-induced markers. The photon counts for all calibrated PSL samples revealed higher than 5000 (positive) except banana. The ESR triplet signals were detected as a radiation-induced marker resulting from cellulose existing in irradiated fruits excluding banana. The unambiguous identification of irradiated banana was impossible by both techniques. However, isolated minerals from all fruit samples showed radiation-induced typical TL glow curves through the normalization step, confirming the feasible application of TL analysis for identifying irradiation status of all the subjected trading fruits.
Introduction
International trade of various types of agricultural produce is increasing at a fast pace due to the liberalization of trade under the Free Trade Agreement. Import of fresh produce and agricultural commodities from other countries is always associated with a risk of migration of potentially damaging organisms, such as insect pests. Sanitary and phyto-sanitary measurements are of greater importance in determining market access (Roberts 1998; Okello et al. 2007; Stanton and Wolff 2008) . In order to ensure the quality of fresh produce or dried products, different chemicals such as pesticides and preservatives are generally used during the production and postharvest periods. However, most of these chemicals have been recognized as potential carcinogens (Spotts and Cervantes 1986) , which may leave their residues in the food products causing serious health hazards. As a result, the use of these chemicals is being phased out worldwide.
Irradiation technology has already started to play a major role in replacing these chemicals and being applied as postharvest preservation measure (Lagunas-Solar 1995; WHO 1999; Hallman 2011; Bustos-Griffin et al. 2012 ). The safety, wholesomeness, and nutritional adequacy of irradiated food are now well documented and have been accepted by international organizations (WHO 1999) . Eventually, irradiation technology can comply with the quarantine requirements for the import of food products, thereby reducing international trade barriers (Diehl 2002) .
Fruits are generally treated with a low dose of ionizing radiations to minimize changes in food quality. According to the IAEA, the allowed radiation dose of fresh fruits is \1 kGy for the quarantine treatment and shelf-life extension (IAEA 2014) , and the USDA approved a generic dose of 0.4 kGy for all insects (USDA-APHIS 2006) . A joint FAO/IAEA Expert Committee was formed to study a program on analytical detection methods for irradiation treatment of foods to provide information for consumers' knowledge and to control the food irradiation process by prohibiting re-irradiation (Stevenson and Stewart 1995) . Detection methods were established as the European Standards (EN) and Codex standards, which include different analytical methods like photostimulated luminescence (PSL) (EN13751 2009) as a screening technique, and electron spin resonance (ESR) (EN1787 2001) and thermoluminescence (TL) (EN1788 2001) as confirmation techniques. Therefore, there is an increasing interest to assess the successful application of these techniques in the identification of irradiated food commodities when they are trading between two countries which have different regulations in the control of irradiated foods.
This work was aiming at investigating radiation-induced markers for various trading fruits by analysis of photostimulated luminescence and thermoluminescence and ESR spectroscopy, thereby providing technical and informative infrastructure to increase international trade as well as consumers' understanding of irradiated food.
Materials and methods
Oranges (Citrus sinensis), grapefruits (Citrus paradisi), lemons (Citrus limon), and limes (Citrus aurantifolia) were imported from the United States. Bananas (Musa sapientum) and pineapples (Ananas comosus) were imported from the Philippines. As one of the exporting fruits, mandarin (Citrus unshiu cv. Miyagawa-wase) produced in Korea was purchased from the local market.
All the samples, three hundreds per fruit, were purchased from the wholesale market in Korea. One-third of all the samples were used for detecting whether or not they have been already irradiated and the others were used for analyzing radiation-induced markers. The sample was treated using a Co-60 gamma ray source (AECL, IR-79, MDS Nordion International Co. Ltd., Canada) at the Korean Atomic Energy Research Institute, Korea. Absorbed doses were measured by using alanine dosimeters (Bruker Insturment, Germany), and free-radical signals were analyzed using a Bruker EMS 104 EPR analyzer (Bruker Bio Spin, Germany). All the samples were kept at 4 ± 1°C through the whole experiment.
PSL analysis
The screening PSL measurements were performed as described by EN13751 (2009). The peel was separated from the fruit and cut into small pieces (0.5 9 0.5 mm), which were placed in a petri dish (U 50 mm). This dish was kept inside the chamber of a PSL system (Serial 0021, Scottish Universities Research and Reactor Center, UK), and the PSL photon counts (PCs) were measured for 60 s in subdued light conditions. The results were decided using PCs in accordance with the previous reports; negative was deemed at \700 PCs, positive was deemed at [5000 PCs, and intermediate was deemed between 700 and 5000 PCs (Schreiber 1996; EN13751 2009 ). For calibration, the sample was exposed to a defined radiation dose (1 kGy) after the screening PSL measurement, and then re-measured. About 10 fruits were used for each measurement, which were replicated in 5 times.
ESR analysis
The peel of the fruits (unknown and 1 kGy-irradiated sample) was collected for the ESR measurement and dried using a freeze-drier (Bondiro, Ilsin Bio Base, Korea). The dried peel powder (20 mesh) was placed in an ESR quartz tube (3.7 mm diameter). The radiation-induced radicals were measured as described by EN1787 (2001), using an X-band ESR spectrophotometer (JES-TE 300, Jeol Co., Japan) under the following conditions: microwave power, 0.4 mW; microwave frequency, 9.18 GHz; magnetic centerfield, 324 ± 1 mT; sweep width, 25 mT; modulation frequency, 100 kHz; modulation width, 0.79 mT; and amplitude, 790 a.u. About 10 fruits were used for measurements, which were replicated 3 times.
TL analysis
The inorganics from the fruits were isolated following the steps described in EN1788 (2001). In brief, the fruit surface was rinsed on a nylon sieve (125 lm) using distilled water and serially treated with sodium polytungstate (2.0 g/cm 3 ), HCl (1 N), and NH 4 OH (1 N). The separated polyminerals were deposited on aluminum disks and dried overnight at 50 ± 2°C in a normal laboratory oven. The TL output (TL 1 ) was measured using a TL system (Harshaw 4500, Thermo Fisher Scientific Inc., USA) under dark conditions by raising the temperature from ambient to 400°C with a heating rate of 5°C/s. In order to find out TL ratio (TL 1 / TL 2 ), the isolated minerals after TL 1 measurements were exposed to a normalized radiation dose of 1 kGy and TL 2 was measured with similar experimental setup. Subsequently, TL ratio (TL 1 /TL 2 ) which is the ratio of the integrated TL intensity of TL glow 1 to TL glow 2 over a temperature interval of 150-250°C was evaluated. About 30 fruits were used for measurements, which were replicated 3 times.
Results
The screening of irradiation status using PSL analysis
In the first PSL (screening PSL) measurement of the food sample, a low range of photon counts (\700) are considered as non-irradiated, and more than 5000 photon counts are indicative of irradiated samples (EN13751 2009). During the first PSL measurements of the fruit, peels exhibited negative values of PCs (256-383), indicating that the fruits were not previously subjected to radiation treatment (Table 1) . In order to confirm the results obtained from the first PSL measurements, the second PSL (calibrated PSL) was measured after irradiation of the same samples with a normalized dose of 1 kGy which was a known dose from the same radiation source. After the first PSL measurement, the samples were re-irradiated with the normalized dose to understand the radiation-specific nature of the PSL signal. Oranges, grapefruits, mandarins, lemons, limes, and pineapples showed increased PCs in the range of 5614-16,246 after irradiation. The ratio of the second to the first measurements of PCs was [10 as shown in Table 1 . As per the EN recommendation, the food samples showing PSL ratio \10 can be considered as irradiated (EN13751 2009). Therefore, all the samples except bananas were identified as non-irradiated. However, in the case of bananas, the results of PSL analysis were observed to be ambiguous in both the first and the second PSL measurements. The PCs of calibrated PSL were 3233 which was less than the stipulated positive counts of 5000. Consequently, the PSL ratio was observed near the marginal value of 10 (Table 1 ).
The identification of irradiation status using ESR analysis
ESR spectra of the peel of all fruits showed a weak singlet at 324.5 ± 1.0 mT, characterized by g 0 = 2.00 (Fig. 1 , Table 2 ). Pineapples, however, showed a sextet signal superposed on the singlet and was characterized by g = 2.00, observing the hyperfine coupling constant (hfcc) of approximately 9 mT (Fig. 1) . This signal was attributed to well-characterized Mn 2? ions (Sanyal et al. 2011 ) and could be associated with protein changes. To confirm the irradiation status, all the fruit samples were irradiated (1 kGy), and EPR spectra of the peel parts were studied with same experimental setup. Oranges, grapefruits, mandarins, lemons, limes, and pineapples showed a pair of peaks with bilateral symmetry at g = 2.02 and g = 1.98 with the central line at g = 2.00 ( Fig. 1 ; Table 2 ). After irradiation, all fruit samples, except bananas, showed an enhancement in peak-to-peak ESR signal intensity (Fig. 1) .
The increase in signal intensity was observed to be high in grapefruits, lemons, and limes. However, oranges and pineapples exhibited nominal increase in signal intensity, while almost no change in signal intensity was observed in irradiated banana. Therefore, ESR spectral shape and intensity were demonstrated to be useful in the identification of all irradiated fruits, except banana. The identification of irradiation status using TL analysis
To validate the observed results in the PSL and ESR techniques, TL of the polyminerals isolated from all fruit samples was measured. The first TL glow curves of the six kinds of unknown fruits, including orange, grapefruits, mandarins, lemons, limes, and bananas showed TL peaks in the range of 350-400°C, with a weak intensity of\1.4 a.u (Fig. 2) . The unavailability of prominent peaks at low temperatures confirmed the fruit samples as non-irradiated. Therefore, all isolated minerals measured TL 1 were irradiated with a normalizing dose of 1 kGy, as per the suggestions in previous studies (EN1788 2001 Jo et al. 2008; Marchesani et al. 2012 ) (Fig. 2) . TL second glows of all the 1 kGy-irradiated minerals showed an intense and prominent TL peak in the range of 150-200°C. The TL intensity after normalization was in the following order: (Fig. 2) . The normalized TL glow curves (1 kGy-irradiated/TL 2 ) exhibited distinct differences in shape and intensity compared to the first glows (unknown/TL 1 ), thereby confirming the successful identification using minerals from the respective fruits. In addition, the TL ratio (TL 1 /TL 2 ) showed extremely low values of 0.001-0.016 for all fruits, including pineapple (Fig. 3) , thereby confirming their non-irradiated status, as per standard (EN1788 2001).
Discussion
The first PSL measurement successfully screened out all the samples as non-irradiated fruits with negative results (less than 700 PCs), while the calibrated PSL measurement (1 kGy) revealed positive results (more than 5000 PCs) (Sanderson et al. 2003; EN13751 2009; Marchesani et al. 2012) , supporting the possible use of PSL analysis as a screening method for irradiation status of the unknown fruits excluding banana (Table 1) . Nevertheless, application of other established techniques, such as ESR and TL measurements, was necessary, since the PSL results on irradiation history of different unknown food samples are found as false negative or false positive (Bortolin et al. 2007; EN13751 2009 ). False-negative results can be obtained for irradiated samples with insufficient PSL sensitivity, whereas false-positive results are also found even for the non-irradiated foods containing salts. To address the false-negative or false-positive results, the application of multiple techniques including ESR or TL methods has been recommend, in the cases of ''clean spice'' with a low mineral content (Elahi et al. 2008) and rice samples treated with a low irradiation dose (Polónia et al. 1995) . In ESR measurement, foods containing cellulose present a signal of semiquinone radicals produced by the oxidation of phenol components in plants (Desrosiers and McLaughlin 1989; Tabner and Tabner 1991; Jo and Kwon 2006) . The singlet and Mn 2? signals are the well-known characteristics of non-irradiated food (Polovka et al. 2006) . In view of this, all fruit samples were identified as nonirradiated (Fig. 1) . In calibration step after 1 kGy irradiation, the radiation-induced triplet ESR signal was observed as a detection marker excluding banana (Fig. 1) . These radiation-induced triplet signals were characterized by hfcc 3 mT and recognized as cellulose radicals. Radiationspecific cellulosic radicals have been considered as detection markers of irradiated food of plant origin (EN1787 2001). However, the ESR signal of irradiated banana peel did not exhibit any radiation-induced signal, indicating the limitation of ESR spectroscopy.
In TL measurement, all the fruit samples showed a deep trap above 350°C (Fig. 2) . These high-temperature TL peaks could be associated with the deep trapped charge carriers as a result of natural radiation (Sanyal and Sharma 2009) . However, in the case of pineapple, a hump was observed within the temperature range of 175-250°C, with an extremely low intensity of \0.6 a.u. (Fig. 2) . The shape of the glow 1 was observed to be similar to that of the glows of the irradiated samples. The possibility of a falsepositive signal in the case of non-irradiated food samples has been reported earlier (Kyung et al. 2012) . The separation of silicate minerals from the fruit surface is a challenging task because of the extremely low chance of minerals contamination on the fruit surface due to the presence of the wax coating. During the process of isolation of silicate, there is always a possibility of the inclusion of organic matter with the silicate. As a result of 1 kGy irradiation as a normalization step, radiation-induced TL peaks are observed in the temperature range of 150-200°C (Polónia et al. 1995; EN1788 2001 Shahbaz et al. (2013) reported that the TL technique provided the most promising identification of the irradiation status in irradiated pomegranate fruits, even at the lowest applied dose of 0.4 kGy. The use of the TL technique for the first TL measurement followed by the TL ratio evaluation was demonstrated to be a potential approach to identify the irradiation status of the unknown trading fruits.
